Background: Allergic rhinitis (AR) is an immunoglobulin E (IgE)-mediated immune-inflammatory response mainly affecting nasal mucosa. Apigenin, a flavonoid, has been documented to possess promising anti-allergic potential.
Introduction
Allergic rhinitis (AR) is a chronic, immune-inflammatory disease that affects the inner lining of nasal membrane resulting in characteristic symptoms including nasal rubbing, sneezing, itching, congestion, lacrimation, and rhinorrhea. Allergic rhinitis is a global health problem affecting almost 400 to 500 million individual's quality of life and work productivity. 1 Thus, AR is associated with substantial indirect costs. 2 It has been suggested that the interaction of genetic and environmental factors may be the underlying cause for the development of allergic diseases. 1, 3 Chronic exposure to environmental allergens activates allergen-specific type-2T helper (Th2) cells, which result in elevated production of Th2 cytokines (such as interleukin [IL]-4 and IL-5), and antigen-specific immunoglobulin E (IgE) thus, inducing hyperresponsiveness in nasal mucosa. 4 Researchers have reported that sensitized formation and expression of antigen-specific IgE by IL-4 from B lymphocytes is a characteristic feature of AR, which follows biphasic inflammatory response in the initial phase response, cross-linking of IgE with its high-affinity receptor FceRI (immunoglobulin Fc epsilon receptor I) resulting in mast cell degranulation. 3, 5 Subsequently, these mast cells release inflammatory mediators, including histamine, b-hexosaminidase, chemokines, leukotrienes, and prostaglandins via cyclooxygenase (COX)-2 and 5-lipoxygenase pathways. 6 Whereas, a latephase response is associated with the aggravated response of granulocytes (such as eosinophils and lymphocytes), cytokines (such as tumor necrosis factor [TNF]-a and ILs), and adhesion molecules. 7 Among various inflammatory cells, eosinophils, which are considered as "innate effector cells," have an important contribution in induction and maintenance of allergic responses. Studies suggested that balance between Th1 cells and Th2 cells plays a vital role in the maintenance of the immune health, and its dysregulation leads to the induction of allergic responses. 8, 9 Current pharmacotherapy of AR is based on the available knowledge of various mediators involved in the induction of Type I allergic reactions. It includes antihistamines, leukotriene antagonists, cAMP stimulator, Th2 cytokine inhibitor, corticosteroids, and mast cell stabilizers. 10 According to global guidelines of Allergic Rhinitis and its Impact on Asthma (ARIA), topical corticosteroids have been suggested as firstline therapy against the persistent forms of AR. 2 However, this treatment regimen is not only associated with an economic burden but also bring various degrees of adverse reactions including nasal dryness, throat irritation, vision blurring, headache, sedation, tachycardia, and urinary retention. 10 Consequently, the development of a safe, efficacious, and novel therapeutic strategy is necessary for the management of AR. Various animal models play important roles in the development of an array of therapeutic strategies, and murine models of ovalbumin (OVA) induced AR is one of them. 7 It is a simple, widely used, reproducible, and noninvasive experimental model for investigation of IgE-mediated allergic airway diseases of the upper respiratory tract. This model has close resemblance with pathophysiological events and symptoms associated with clinical immunomodulation, including sneezing, rubbing, congestion, mucosa edema, and the elevated production of IgE. [11] [12] [13] According to the National Asthma Campaign survey, allergic patients (11% of adults and 6% of children) preferred herbal medicine as a choice of medication to manage their allergic response. 4 In Ayurveda, an array of therapeutic plants including basil (tulsi, Ocimum sanctum Linn) and chamomile (Babuna, Matricaria recutita) have been documented to treat various allergic diseases. Research carried out over past decades indicated the presence of flavonoids as responsible for its anti-allergic potential. Apigenin, one of the main active compounds, is accountable for its efficacy. 14 Apigenin (4 0 ,5,7-trihydroxyflavone, 5,7-dihydroxy-2-(4-hydroxyphenyl)-4H-1-benzopyran-4-one) contain a wide range of beneficial pharmacological properties including antioxidant, anti-inflammatory, apoptotic potential, and several reports have cited its anti-allergic potential as well. [15] [16] [17] [18] [19] Reports suggested that apigenin attenuated lipopolysaccharide-induced toxicity via inactivation of nuclear factor kappa-B (NF-kB) phosphorylation, thus inhibiting the expression of proinflammatory cytokines, including TNF-a and ILs. 15 Furthermore, apigenin as a promising dietary flavone is shown to inhibit atopic dermatitis in NC/NGa mice via modulation of IgG1, IgE, IL-4, and interferon (IFN)-g messenger RNA (mRNA) expressions. 17 A recent study conducted by Ai et al suggested that apigenin suppresses the signal transducer and activator of transcription-3 (STAT3)-NF-kB signaling pathway, which inhibited colon tumors. 18 Apigenin also balances Th1 and Th2 immune response via modulation of GATA-3 (GATA binding protein 3 [ie, erythroid transcription factor]), T-box protein expressed in T cells (T-bet), INF-g, IgE, and Th1 cytokine production in asthmatic airways, which protects against OVA-induced asthma. 16, 19 However, the beneficial potential of apigenin has not been yet evaluated against AR. Thus, the present investigation was undertaken with the aim to determine the potential mechanism of action of apigenin against OVA-induced AR by assessing various behavioral, biochemical, molecular, and ultrastructural modifications.
Materials and Methods

Drugs and Chemicals
Apigenin (purity !95%), OVA (grade V), aluminum hydroxide, and histamine dihydrochloride were purchased from Sigma-Aldrich Co, St Louis, Missouri. Montelukast was obtained from Cipla Limited, Mumbai, India. Mouse OVAspecific IgE, total IgE, total IgG1, b-hexosaminidase, IL-4, IL-5, IL-13, IL-17, IFN-g, and Leukotriene C4 enzymelinked immunosorbent assay (ELISA) kit were obtained from Bethyl Laboratories Inc, Montgomery, Texas. The primary antibodies of GATA3, T-bet, NF-kB, IkBa, p-STAT6, suppressor of cytokine signaling 1 (SOCS1), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were purchased from Abcam, Cambridge, Massachusetts. Total RNA extraction kit and real time-polymerase chain reaction (RT-PCR) kit were purchased from MP Biomedicals India Private Limited, India.
Animals
Adult male BALB/c mice (18-22 grams) were purchased from the First Hospital of Jilin University Animal Centre, Pune, and kept in quarantine for 1-week in-house at the institute's animal house under standard laboratory conditions, that is, a temperature of 24 C + 1 C, relative humidity of 45% to 55% and 12:12 hours light/dark cycle. The experiments were carried out between 10:00 AM and 5:00 PM. Animals had free access to standard chaw pelleted food and water ad libitum. The experimental protocol (2019452) was approved by the Animal Experimental Ethics Committee of the First Hospital of Jilin University, which is in line with animal protection, animal welfare, ethical principles, and is in line with the relevant regulations of the national experimental animal experiment ethics. Animals were brought to the testing laboratory 1 hour before the experiments for adaptation purposes.
Induction of AR and Treatment Schedule
Sensitization of BALB/c mice was done on days 1, 3, 5, 7, 9, 11, and 13 by intraperitoneal (IP) injection containing 500 mL of sensitization solution (50 mg of OVA and 1000 mg of aluminum hydroxide dissolved in 500 mL of saline). 7 On day 14, mice were randomly divided into 6 treatment groups (n ¼ 18 per group) and treated for the next 7 days (day 14 to day 21) as follows:
Group I Normal: Nonsensitized and received a suspension of aluminum hydroxide in saline followed by distilled water (10 mg/kg, IP) Group II AR control: OVA-sensitized and received distilled water (10 mg/kg, IP)
Group III Montelukast (10) The 3 different doses of apigenin (5, 10, and 20 mg/kg) were selected based on a previous study. 16 Whereas dose of montelukast (10 mg/kg, orally) was based on the previously described report. 4 The solutions of apigenin were freshly prepared daily and administered IP from day 14 to day 21 for biological evaluations. On day 21, 1 hour after the last dose of treatment, mice were challenged with intranasal administration of OVA (5%, 5 mL per nostril), and observations were recorded.
Nasal Symptoms in OVA-Induced AR Mice
On day 21, nasal symptoms were evaluated within a 10minute period after the OVA challenge. 7 The number of sneezes and nasal itching motions (nasal rubbing) were recorded. The nasal discharge was scored as 0 ¼ no discharge, 1 ¼ the discharge reaches the anterior nasal aperture, 2 ¼ the discharge overshoots the anterior nasal aperture, and 3 ¼ the discharge flows out.
Nasal Symptoms During Histamine-Induced Hypersensitivity in OVA-Induced AR Mice
To evaluate effects on histamine-induced hypersensitivity after interruption of the drugs, mice were challenged with histamine dihydrochloride (10 mL per nostril of a solution of 1 mmol/mL in physiological saline) on day 24 of study, and the number of instances of nasal rubbing and sneezing was counted during a 10-minute period after the challenge. 7 Blood Sample Collection From OVA-Induced AR Mice On day 21, 2 hours after OVA challenge, blood specimens were collected from the retro-orbital plexus, and serum was obtained by centrifugation at 8350 Âg for 10 minutes at 4 C. Samples were stored at À20 C until biochemical and hematological measurements.
Collection of Nasal Lavage Fluid
Nasal lavage fluid (NLF) collection was performed according to a previously described method. 4 Mice underwent partial tracheotomy under deep anesthesia by IP injection of 1% sodium pentobarbital (50 mg/kg). A 22-gauge catheter was inserted into the posterior naris from the opening of the trachea and along the direction of the nostrils. Sterile saline solution (3 mL) was perfused gently into the nasal cavities, lavage fluid was collected from the anterior naris, centrifuged at 220 Âg and 4 C for 10 minutes, and the supernatant was stored at À20 C.
Biochemical Measurement in the Serum of OVA-Induced AR Mice
Ovalbumin-specific IgE, total IgE, total IgG1, and b-hexosaminidase in serum, while IL-4, IL-5, IL-13, IL-17, IFN-g, and LTC-4 (Leukotriene C4) in NLF were evaluated using respective mouse ELISA quantitation kit (Bethyl Laboratories Inc) as per the manufacturer's instructions. Results were evaluated by the positive/negative ratios value. The test was done in duplicate to avoid false-negative and false-positive results, and the average value was taken for the final calculation.
Determination of Histamine Level in Serum of OVA-Induced AR Mice
Histamine content of serum was measured by the o-phthalaldehyde spectrofluorometric procedure. The fluorescent intensity was measured at 460 nm (excitation at 355 nm) using a spectrofluorometer, and histamine contents were calculated. 4
Real-Time PCR
The mRNA levels of GATA3, T-bet, signal transducer and activator of transcription-6 (STAT6), and SOCS1 in spleen were analyzed in spleen tissue (n ¼ 4) using RT-PCR approach as per the manufacturer's instructions. The intensity of mRNAs was standardized against that of the b-actin mRNA from each sample, and the results were expressed as the PCR-product/b-actin mRNA ratio.
Western Blot Assay
Spleen tissue was dissected and sonicated in tissue protein extraction reagent (Thermo Fisher Scientific, Inc., Bengaluru, Karnataka, India). The lysates were centrifuged at 10 000 Â g for 10 minutes at 4 C. Protein concentration was determined using a Bicinchoninic acid assay kit (Beyotime Shanghai, China) on ice for 30 minutes. Equal amounts of extracted protein samples (50 mg) were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto polyvinylidene difluoride membranes. The membranes were blocked with 5% nonfat dry milk at 37 C for 1 hour and incubated overnight at 4 C with the primary antibodies that recognized GATA3, T-bet, NF-kB, IkBa, p-STAT6, SOCS1, and GAPDH. Anti-rabbit horseradish-linked IgG was used as the secondary antibody, which was incubated at 37 C for 2 hours. Protein bands were visualized using the Chemiluminescent kit (Bio-Rad Laboratories, Inc., Bengaluru, Karnataka, India), and GAPDH served as the loading control.
Histological Examination
On day 21, after blood withdrawal, 3 mice from each group were sacrificed. The nasal mucosa and spleen tissues were dissected and stored for 24 hours in 10% formalin for histological examination. The specimens were dehydrated and placed in xylene for 1 hour (3 times) and later in ethyl alcohol (70%, 90%, and 100%) for 2 hours, respectively. Infiltration and impregnation were carried out by treating with paraffin wax twice, each time for 1 hour. For tissue slide preparation, specimens were cut into sections of 3 to 5 mm thickness and stained with hematoxylin and eosin. The specimens were mounted on slides by the use of Distrene phthalate xylene. Sections were examined under the light microscope (Olympus DP71, DP-BSW Version 03.03; Olympus Medical Systems India Private Limited, Bengaluru, Karnataka, India) to obtain a general impression of the histopathology features of specimen and infiltration of cells in epithelium and subepithelium. The intensity of histological aberrations in the nasal and spleen tissue was graded as grade 0 (not present or very slight); grade 1 (mild); grade 2 (moderate); and grade 3 (severe) as described in the literature study.
Electron Microscopic Analysis
For ultrastructural studies, nasal tissue samples were fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4, for 18 hours. The tissue samples were dissected into small pieces and postfixed for 1.5 hours in 1% osmium tetroxide dissolved in 0.1 M phosphate buffer (pH 7.4), then dehydrated through a series of graded ethanol solutions and embedded in Araldite (epoxy resin). Ultrathin sections were cut, stained with uranyl acetate and lead nitrate, mounted on copper grids, and examined under a transmission electron microscope (H-7000 Hitachi, Hitachi High-Technologies India Private Limited, Gurgaon, Haryana, India).
Statistical Analysis
Data were expressed as means + standard error of means, and analyses were performed using GraphPad Prism 5.0 software (GraphPad, San Diego, California). Statistical comparisons were made between drug-treated groups and AR control animals. Data of biochemical parameters were analyzed using one-way analysis of variance (ANOVA) followed by Tukey's multiple range test for post hoc analysis. Scores of nasal rubbing, sneezing, and discharge were analyzed by nonparametric Kruskal-Wallis ANOVA followed by Mann-Whitney's multiple comparison tests. A value of P <.05 was considered to be statistically significant.
Results
Effect of Apigenin on Body Weight and Relative Spleen Weight in OVA-Induced AR Mice
There was a significant increase (P < .05) in body weight and a significant decrease (P < .05) in relative spleen weight in the AR control group as compared to the normal group. Administration of montelukast (10 mg/kg) significantly attenuated (P < .05) OVA-induced alterations in body weight and relative spleen weight as compared to the AR control group. Mice treated with apigenin (10 and 20 mg/kg) also significantly decreased (P < .05) body weight and significantly increased (P < .05) relative spleen weight when compared with the AR control group. However, treatment with montelukast (10 mg/kg) showed more significant attenuation (P < .05) in OVAinduced alterations in body weight and relative spleen weight as compared to apigenin treatment ( Table 1 ).
Effect of Apigenin on Nasal Symptoms in OVA-Induced AR Mice
When compared with the normal group, the intranasal OVA challenge resulted in a significant increase (P < .05) in nasal rubbing, sneezing, and nasal discharge in the AR control group. However, montelukast (10 mg/kg) treatment significantly decreased (P < .05) OVA-induced nasal rubbing, sneezing, and nasal discharge as compared to the AR control group. When compared with the AR control group, treatment with apigenin (10 and 20 mg/kg) also significantly inhibited (P < .05) nasal symptoms induced by OVA. However, OVA challenge induced nasal rubbing and sneezing was more significantly decreased (P < .05) by treatment with montelukast (10 mg/kg) as compared to apigenin treatment. Per se treated mice did not show any induction of nasal rubbing, sneezing, and nasal discharge after intranasal OVA challenge ( Table 1 ).
Effect of Apigenin on Histamine-Induced Nasal Hypersensitivity in OVA-Induced AR Mice
Intranasal challenge with histamine resulted in a significant increase (P < .05) in nasal hypersensitivity reflected by increased nasal rubbing and sneezing in the AR control group as compared to the normal group. Treatment with montelukast (10 mg/kg) significantly attenuated (P < .05) histamine-induced nasal rubbing and sneezing as compared to the AR control group. Apigenin (10 and 20 mg/kg) administration also significantly decreased (P < .05) nasal rubbing and sneezing induced after histamine challenge as compared to the AR control group. However, attenuation of histamine-induced hypersensitivity was more significant (P < .05) in montelukast (10 mg/kg) treatment as compared to apigenin treatment ( Table 1 ).
Effect of Apigenin on Serum Histamine, IgE, IgG1, and b-Hexosaminidase Levels in Serum of OVA-Induced AR Mice
The levels of serum histamine, IgE, IgG1, and b-hexosaminidase increased significantly (P < .05) in the AR control group as compared to the normal group. However, administration of montelukast (10 mg/kg) and apigenin (10 and 20 mg/kg) significantly attenuated (P < .05) elevated levels of serum histamine, IgE, IgG1, and b-hexosaminidase as compared to AR control group. Montelukast (10 mg/kg) treatment showed more significant attenuation (P < .05) of serum histamine, IgE, IgG1, and b-hexosaminidase as compared to apigenin treatment. However, serum histamine, IgE, IgG1, and b-hexosaminidase did not alter in per se treated mice ( Table 2 ).
Effect of Apigenin on NLFIL-4, IL-5, IL-13, IL-17, IFN-g, and LTC-4 Levels of OVA-Induced AR Mice There was a significant increase (P < .05) in levels of IL-4, IL-5, IL-13, IL-17, and LTC-4, whereas a significant decrease (P < 0.05) in the level of IFN-g in NLF of AR control group as compared to the normal group. Administration of montelukast (10 mg/kg) significantly attenuated (P < .05) alterations in levels of IL-4, IL-5, IL-13, IL-17, IFN-g, and LTC-4 as compared to AR control group. Treatment with apigenin (10 and 20 mg/kg) also significantly inhibited (P < .05) OVA-induced alterations in levels of IL-4, IL-5, IL-13, and IFN-g in NLF when compared with AR control group. However, apigenin treatment failed to produce any significant reduction in NLF LTC-4 levels as compared to the AR control group ( Table 3 ).
Effect of Apigenin on Splenic GATA3, T-bet, STAT6, and SOCS1 mRNA Expressions of OVA-Induced AR Mice
The splenic mRNA expressions of GATA3, STAT6, and SOCS1 were significantly upregulated (P < .05), whereas T-bet mRNA expression was significantly downregulated (P < .05) in AR control group as compared to the normal group. Montelukast (10 mg/kg) significantly upregulated (P < .05) T-bet mRNA expression and significantly downregulated (P < .05) GATA3, STAT6, and SOCS1 mRNA expressions in spleen as compared to AR control group. Administration of apigenin (10 and 20 mg/kg) also significantly attenuated (P < .05) OVA-induced alterations in splenic GATA3, T-bet, STAT6, and SOCS1 mRNA expressions as compared to AR control group. However, when compared with montelukast (10 mg/kg) treatment, apigenin (20 mg/kg) treatment more significantly downregulated (P < .05) splenic GATA3 mRNA expression ( Table 4 ).
Effect of Apigenin on Splenic GATA3, T-bet, NF-kB, IkBa, p-STAT6, and SOCS1 Protein Expressions of OVA-Induced AR Mice
There was significant upregulation (P < .05) in splenic protein expressions of GATA3, NF-kB, IkBa, p-STAT6, and SOCS1, whereas significant downregulation (P < .05) in splenic T-bet protein expression in AR control group as compared to the normal group. Treatment with montelukast (10 mg/kg) and apigenin (10 and 20 mg/kg) significantly attenuated (P < .05) OVA-induced alterations in splenic GATA3, T-bet, NF-kB, IkBa, p-STAT6, and SOCS1 protein expressions as compared to AR control group. However, OVA-induced upregulation in splenic GATA3, NF-kB, IkBa, and p-STAT6 protein expressions were more significant (P < .05) in montelukast (10 mg/kg) treatment as compared to apigenin treatment (Figure 1 ).
Effect of Apigenin on Histopathology of the Nasal Mucosa of OVA-Induced AR Mice
Intranasal OVA challenge resulted in a significant increase (P < .05) of inflammatory infiltration in the nasal mucosa of AR control mice ( Figure 2B ). Eosinophil count increased significantly (P < .05) in the nasal mucosa of AR control mice as compared to normal mice. Histological analysis of nasal mucosa of normal mice showed normal architecture devoid of any disturbance in the nasal epithelium; however, it showed mild inflammatory infiltration and edema (Figure 2A) . Whereas, treatment with montelukast (10 mg/kg) significantly attenuated (P < .05) OVA-induced histopathology alterations in the nasal mucosa of mice reflected by decreased inflammatory infiltration, hyperplasia of nasal epithelial cells, and edema ( Figure 2C ) as compared to AR control group. Administration of apigenin (10 and 20 mg/kg) also significantly decreased (P < .05) inflammatory infiltration, disturbances in nasal mucosal epithelial, and edema ( Figure 2D and E) when compared with AR control group. Furthermore, histological analysis of nasal mucosa from per se treated mice did not show any significant histological aberrations ( Figure  2F ) when compared with nasal mucosa from normal mice ( Figure 2G ). 
Effect of Apigenin on Histopathology of Spleen of OVA-Induced AR Mice
There was a significant increase (P < .05) in the hyperplasia of lymphatic cells, macrophages with hemosiderin, and edema in the spleen tissue of AR control mice ( Figure 3B ) as compared to normal mice ( Figure 3A ). However, administration of montelukast (10 mg/kg) significantly attenuated (P < .05) OVA-induced elevated hyperplasia of lymphatic cells, macrophages with hemosiderin, and edema ( Figure 3C ) as compared to AR control group. Spleen tissue from apigenin (10 and 20 mg/kg) treated mice also significantly decreased (P < .05) histological aberration such as hyperplasia of lymphatic cells, macrophages with hemosiderin, and edema ( Figure 3D and E) when compared with AR control group. Spleen tissue from per se treated mice showed the presence of mild hyperplasia of lymphatic cells, macrophages with hemosiderin, and edema ( Figure 3F and G) . Figure 4A and E depicts the normal architecture of nasal mucosa from normal mice and per se treated mice, respectively. Nasal mucosa showed well-preserved epithelium with nuclei and cytoplasm along with the presence of normal structure of rough endoplasmic reticulum devoid of any edema. Intranasal OVA challenge caused nasal mucosal aberrations evident from the presence of swollen mitochondria, electron-dense mitochondria, tissue edema, inconsistent density of granules, eminent cytoplasmic vacuolization, and damaged endoplasmic reticulum ( Figure  4B ). However, administration of montelukast (10 mg/kg) and apigenin (20 mg/kg) attenuated OVA-induced ultrastructural damage induced in nasal mucosa ( Figure  4C and D). 
Effect of Apigenin on Hematological Parameters of OVA-Induced AR Mice
Discussion
Allergic rhinitis is a common chronic immune-inflammatory disorder mediated by IgE-associated processes, mainly affecting nasal mucosa. During the biphasic allergic reaction, in early stage, the elevated IgE levels by activated mast cells release inflammatory mediators, including histamine, leukotrienes, prostaglandins, and cytokines that induce nasal sneezing, itching, rubbing, and discharge. 3 In the late phase, the accumulated eosinophils, mast cells, and basophils in lamina propria of nasal epithelial further release pro-inflammatory cytokines (TNF-a and ILs), chemokines, LTC-4, and COX-2 that sustain the allergic response. 3 In the present investigation, sensitization of mice via IP administration of OVA followed by its intranasal challenge induced IgE-mediated allergic immune response, which was attenuated by administration of apigenin. The findings of the present investigation demonstrated that apigenin exerts its anti-allergic potential via balancing the Th1/Th2 response by modulating the expression of IgE, histamine, ILs, IFN-g, GATA3, T-bet, STAT6, SOCS1, and NF-kB in a murine model of AR. Researchers have documented that dendritic cells are the most affected antigen-presenting cells during the induction and regulation of primary immune response by various allergens. 3 These dendritic cells are abundantly present over nasal mucosa surrounding the basal epithelial cells and have a vital role in the uptake of an antigen by 3 different mechanisms. 20 Primarily, it acquires antigen through receptor-mediated endocytosis where these immature dendritic cells are released as a consequence of chemical mediators (such as histamine and leukotrienes) via specialized cell receptors such as C-type lectin carbohydrate receptors. Secondly, antigen uptake can occur via macropinocytosis, where the ruffling membrane of dendritic cells engulfs fluid and solutes in large amounts. In the third mechanism, phagocytosis occurs in which antigen materials such as latex beads, whole bacteria, and apoptotic cells can be taken up by dendritic cells. 3 Activation of mast cells by IgE results in infiltration of dendritic cells, which lead to allergic response reflected by elevated clinical symptoms including sneezing, rubbing, and discharge. 3 In the present investigation, OVAchallenged mice also exhibited similar nasal symptoms, which were significantly attenuated by the administration of apigenin. This inhibitory potential of apigenin may be due to the inhibition of the release of histamine and b-hexosaminidase from immature dendritic cells. Previous researchers have also documented the structure-activity relationship between flavonoids and its anti-allergic potential via inhibition of release of b-hexosaminidase from activated mast cells. 21 Overexpression of IgE to the exposed allergens is one of the characteristic features of allergic diseases. It has been reported that mast cells, basophils, and Th2 cells have the ability to induce signal transaction in B cells via interaction of CD40 with its ligand as well as through activation of IL-4 or IL-13 response. 8, 9 This induction of signal transaction results in the formation of IgE producing cells from B cells. 11, 22 It is also responsible for the infiltration of eosinophil in the nasal mucosa. 13 Clinically, it has been demonstrated that patients with AR exhibited elevated levels of eosinophils, basophils, and mast cells. 23 Thus, the production of IgE is considered as an important step during the induction of allergic response. Hence, cross-linking of IgE to the cell surface of mast cell and basophils through its high-affinity IgE receptor immunoglobulin Fc epsilon receptor I (FceRI) leads to degranulation of these cells and subsequent release of inflammatory cytokines including ILs. 6 These inflammatory cytokines play a central role in the induction of innate immunity. Furthermore, allergen-specific IgG has been suggested as another important contributor in the Th2-mediated allergic response. Activation of Fc-gamma receptor (FcgR) signaling present on antigen-presenting cells by IgG results in the induction of secondary Th2 responses. 6 In the present study, intranasal OVA challenge resulted in elevated IgE and IgG1 levels, which were attenuated by the administration of apigenin. The ameliorative effect of apigenin against OVA-induced allergic reaction may be ascribed to its inhibitory potential against IgE and IgG1, which corroborates with the findings of previous researchers. 17 Studies documented that ILs are associated with transcription of various signaling pathways in allergic airway disease. 9, 13 During the process of class-switching of IgEproducing B cells from IgM-producing B cells, IL-4 and IL-13 play a vital role. 5, 19 Interleukin-4 serves as a mast cell growth factor along with its chemoattractant. 24 Interleukin-13 also plays a vital role in the regulation of allergic illness pathogenesis via amplification of immediate hypersensitivity. 8, 11 Interleukin-5 is responsible for infiltration of eosinophilia in the airway, which leads to late-phase allergic response. 22, 25 Furthermore, clinically, it has been documented that patients with AR are associated with elevated levels of IL-17 in nasal mucosa. 26 Additionally, researcher suggested that mice with AR deficient in IL-17 showed a significant reduction in nasal symptoms as well as levels of serum IgE and eosinophilis as compared to mice with AR of wild-type. 27 Thus, elevated expression of IL-4, IL-5, IL-13, and IL-17 suggests the development of allergic reactions in the murine models. On the other hand, Th1 cytokine such as IFN-g plays an important role in the suppression of Th2 immune response in nasal mucosa via inhibition of mast cell-mediated IgE production. 8, 11 Thus, elevation in the ratio of IL-4 to IFN-g determines the production of IgE after allergen exposure. In the present investigation, IgEmediated allergic reactions were evaluated by the determination of alterations in these ILs expressions in NLF. Results demonstrate that apigenin induces Th1 type response via activation of IFN-g and suppress Th2 type response via inhibition of IL-4, IL-5, IL-13, and IL-17. These findings indicated that apigenin inhibited mast cell-mediated IgE production via regulation of IL-4/IFN-g ratio in allergic responses depicting its anti-allergic potential. A previous study has described that flavonoids such as apigenin significantly suppressed the expression of both IL-4 and IL-13, thus considered as potential natural IgE inhibitors 21 and results of the present investigation are in line with findings of the previous investigator. 21 Numerous evidence suggest that T lymphocytes, especially Th1 and Th2, are the key immune cells, playing a crucial role in inflammatory infiltration and its release during an allergic reaction. 3 T-bet is a T cell-associated transcription factor expressed during the development of Th1 cytokines such as IFN-g and participates in class-switching of B lymphocytes. 11 T-bet has the ability to form direct binding with IFN-g at its regulatory element locus at the time of Th1 differentiation resulting in IFN-g transcription. 28 Thus, downregulation in the expression of T-bet causes impaired Th1 immunity. Conversely, GATA3, a transcription factor expressed specifically during STAT6, depends on Th2 differentiation. 29 Binding of GATA3 to the various proximal and distal sites of IL-4, IL-5, and IL-13 results in the activation of expressions of these cytokines. 29, 30 Furthermore, T-bet has an ability to bind with GATA3 at its Th1-specific sites, thus inhibiting GATA3 binding with ILs promoter site and serving as regulatory elements for GATA3. 28 In the present study, OVA-challenged AR mice showed overexpression of GATA-3 along with suppressed expression of Tbet in spleen tissue, which was markedly inhibited following treatment with apigenin depicting its role in the regulation of Th1/Th2 differentiation to ameliorate allergen-induced allergic reactions. The results of the present investigation corroborate the findings of the previous investigator. 19 Signal transducer and activator of transcription-6 is a nuclear transcription factor involved in the mediation of Th2type immunity. The study reported that IL-4 or IL-13 plays an important role in the phosphorylation of STAT6 via JAK1 and JAK3 kinases, which results in the formation of homodimer and its nuclear translocation. 24, 31 Thus, STAT6 is thought to be a vital regulator during the development of Th2 response, class switching of IgE, and during the expression of endothelial P-selectin. 22 Furthermore, IL-4 or IL-13 induced production of eotaxin from fibroblasts is mediated by STAT6. 5, 22 The crucial role of STAT6 in nasal hyperreactivity is further supported by the findings of Akei et al, where STAT6-deficient mice exhibited decreased number of nasal sneezing and rubbing along with reduced infiltration of eosinophil in nasal mucosa. 32 On another hand, SOCS1 are negative regulators of cytokine signaling, which play vital roles in the differentiation of T helper cell and thus contribute to the development of Th2-mediated allergic responses. 8 The SOCS1 regulates the cross talk between the complicated cytokine signal networks, including IL-4 and IFN-g, thus regulates Th1/Th2 balance. 29 In the present investigation, OVA-challenged mice showed elevated Th2 allergic responses depicted by upregulated STAT6 and SOCS1 mRNA expressions, whereas apigenin treatment significantly inhibited these OVA-induced elevated mRNA expressions, thus balancing Th1/Th2 response. Previous researchers also documented the inhibitory potential of apigenin against STAT6 and SOCS1 mRNA expressions to ameliorate allergen-induced hyperreactivity, and findings of the present study are in line with this researcher. 17 An array of evidence suggests that NF-kB plays a pivotal role in the modulation of allergic inflammatory reactions. 33 Inflammatory stimuli cause NF-kB to translocate into the nucleus in the form of NF-kB p65 by phosphorylating and degrading IkBa, which rapidly upregulates the expression of pro-inflammatory cytokines (such as TNF-a and ILs) and other pro-inflammatory substances. 34, 35 Additionally, ILs also play an important role in the direct activation and amplification of NF-kB that in turn aggravates inflammatory response. 25 Previously, a researcher reported the diminished GATA-3 and inflammatory response in mice with a lack of NF-kB subunit. 22 Indeed, activated NF-kB response was documented in the nasal mucosa of patients having AR. 20 Thus, researchers have attempted to develop a therapeutic moiety that exhibits NF-kB inhibitory potential for the treatment of AR. 25 In the present investigation also, administration of apigenin in OVAchallenged mice showed a significant reduction in nasal symptoms, which might be attributed to its NF-kB and IkBa inhibitory potential.
Chronic immune inflammatory disease such as AR is characterized by a prominent influx of inflammatory cells, including eosinophils and lymphocytes. The spleen is an important organ of the immune system, and massive enlargement of the spleen is an indication of immune-inflammatory disease condition like AR. 7, 17 The murine model of AR is associated with the presence of an abundant number of neoplastic cells and centroblastic centrocytic lymphoid in the spleen. 17, 25, 29 Histological analysis of spleen tissue from AR control mice showed dark-stained lymphocytes containing coarse chromatin pattern with thick fibrous capsule. Additionally, eosinophil infiltration was increased significantly in the nasal mucosa after OVA challenge. However, this spleen atrophy as well as the presence of inflammatory cells in spleen and nasal mucosa were significantly attenuated by the treatment of apigenin depicting its anti-inflammatory potential.
Several investigations have reported the potential of montelukast in the treatment of AR. 12, 36 It is the only drug from class CysLT1 receptor antagonists that have been approved for the symptomatic relief of AR, including rhinorrhea, sneezing, and day-time congestion. 37 However, its prolonged use is associated with various psychiatric adverse events, including aggression, agitation, depression, irritability, anxiousness, and restlessness. 37 On the other hand, plant moieties of natural origin provide a promising therapeutic alternative for the avoidance of AR. 38 In this regard, researchers have well investigated the safety and efficacy of Cinnamonum zylanicum, Panax ginseng, Zingiber officinale, Nigella sativa, Tinospora cordifolia, and grape seed extract for the treatment of AR. 23, 39 Apigenin has also been documented for its promising antiallergic potential. 16, 17, 19 Thus findings from the present investigation suggest that apigenin might be a useful therapeutic alternative for the management of AR clinically.
Conclusion
Observations of the present investigation suggest that apigenin has potent anti-allergic properties for the management of rhinitis symptoms. Apigenin regulates Th1/Th2 balance via suppression in expressions of Th2 response (IgE, histamine, ILs, GATA3, STAT6, SOCS1, and NF-kB) and activation Th1 response (IFN-g and T-bet) to exert its anti-allergic potential in a murine model of OVA-induced AR.
